SUMMARY Aortic root motion was studied in 24 normal volunteers at rest and during the Valsalva maneuver, isometric exercise, and amyl nitrite inhalation. In addition root motion was correlated with the stroke volumes determined at cardiac catheterization in 24 patients. The root has distinct systolic movement, the amplitude and duration of which were easily measured both at rest and during the interventions.
THERE HAS BEEN CONSIDERABLE INTEREST in
using echocardiographic measurements to quantify left ventricular function. In addition to direct systolic and diastolic chamber dimensions,1"3 indirect assessments from mitral valve4-and posterior wall motion7 have been felt to reflect left ventricular function. Despite the fact that the aortic root receives ventricular outflow directly, little attention has been paid to its motion as a potential index of ventricular performance. The amplitude of aortic root excursions varies considerably in patient populations6 8 and it is our impression that this is directly related to ventricular performance (unpublished observations).
To test the sensitivity of aortic root motion to changes in left ventricular outflow, we measured its motion in normal volunteers at rest and during a series of maneuvers that have differing effects on left ventricular hemodynamics. In addition, root motion was correlated to stroke volume in a series of patients undergoing cardiac catheterization.
Methods
The first part of this study was carried out in normal volunteers. Informed consent was obtained from each individual after detailed explanation of the procedures.
Strip chart echocardiograms were made on an Electronics for Medicine multichannel recorder interfaced with a Smith Kline Ekoline 20 echocardiographic instrument as described previously.9 The electrocardiogram (lead II) was recorded simultaneously. Blood pressure was recorded by the cuff method (Infrasonde model 3000 sphygmomanometer). Records were made at a paper speed of 75 mm/sec with time lines every 0.04 sec. The ultrasound transducer (SKI model greater than control (P < 0.01). With isometric exercise there was no change in amplitude compared to rest; however, amyl nitrite caused an increase in the anterior wall to 13.5 ± 0.8 mm and posterior wall to 11.9 ± 0.6 mm (P < 0.01).
In the patient group the amplitude of posterior wall motion correlated weakly with cardiac index (r = 0.63) and stronger with stroke index (r = 0.78).
This study quantifies the echocardiographic pattern of normal aortic root motion. The findings indicate that the aortic root motion is an index of stroke volume; they further suggest that root motion is acutely sensitive to variations in stroke volume since its amplitude changed in accord with the documented effects of the employed maneuvers on stroke volume.
C-10), with a frequency of 2.25 MHz, was placed along the left sternal border in the third or fourth intercostal space and directed superiorly and medially to define the aortic root. Care was taken to include elements of aortic leaflets within the root. This served as a reference point for localization in the same manner that mitral elements are used in determining left ventricular dimensions.' After initial recognition, the image of the aortic root was magnified to facilitate subsequent measurements. Transducer position and gain utilized at rest were maintained unchanged during each intervention.
The Valsalva maneuver was performed by blowing a mercury column to a height of 40 mm and maintaining it for 20 seconds.10 The subjects were instructed to perform the maneuver near end expiration to minimize the air interface between the transducer and the heart. Echocardiographic recordings were done at rest, and then continuously from onset of the strain phase of the Valsalva maneuver to 20 seconds after the onset of the release phase. Blood pressure and heart rates were measured at rest and 15 and 40 seconds after the start of the Valsalva maneuver.
Isometric exercise was accomplished by using a hand grip dynamometer as described by Fisher et al.1' Subjects were asked to maintain 2/3 of their maximum hand grip for 45 seconds. Instruction was given and each subject observed to prevent performance of the Valsalva maneuver during the isometric procedure. Echocardiographic recordings were made at rest, and for 10 second intervals at 15, 40 and 60 seconds after onset of the procedure. Simultaneous blood pressure and heart rates were determined at these times. The amyl nitrite procedure was performed by having the subject take three deep inhalations from a freshly broken vial of amyl nitrite. Echocardiographic recordings were done at rest and continuously from onset of inhalation until heart rate and BP had returned to resting values. The entire response usually lasted 45 to 90 seconds. Blood pressures were recorded at rest and at 15, 45 and 90 seconds.
A rest period of 5-10 minutes was allowed between in- terventions. Study sessions were concluded after amyl nitrite inhalation.
The second phase of this study was conducted in a consecutive series of patients undergoing cardiac catheterization for suspected heart disease. Root motion at rest was correlated with the resting cardiac output determined by the Fick technique. All output determinations were confirmed independently by the green dye method (Gilford Model 140 cardiac output system). Figure I A shows a magnified recording of the aortic root, and figure IB shows the parameters measured in schematic form. The amplitude of anterior motion of both walls of the aortic root during systole was measured from initial to peak forward motion ( fig. 1 B) . The duration of the anterior movement was determined using the same points. All measurements were performed for five consecutive cycles during the rest phase and at the specified periods during each intervention. Data were processed according to standard statistical formulae using a Digital PDP-8 computer.12 Results 
A) Normal Volunteers
Twenty-four subjects were studied, 12 men and 12 women. The age range of the men was 23 to 39 (mean 32 years), and that of the women 22 to 43 (mean 30 years). The mean responses for the hemodynamic variables and aortic root motion during each aspect of the study are compiled in table 1. The effect of each maneuver on aortic root amplitude is further illustrated in figure 2. Figure 3 shows the influence of each intervention on the duration of systolic anterior motion.
The anterior and posterior aortic walls moved in a generally parallel fashion during systole and diastole. The anterior wall, however, had a greater anterior excursion than the posterior wall at rest and in all maneuvers ( fig. 4) .
Rest: Characteristically, the aortic root moved anteriorly during systole ( fig. IA) . This motion began close to the opening and ended near the closing of the aortic valve. The root then moved posteriorly, and at resting heart rates entered a plateau phase which terminated in a presystolic dip, which was noted in all of the study subjects. The downslope of the dip showed a short, abrupt anterior motion in 20 of the 24 subjects, thus rendering it bifid in contour. Its lowest point always occurred after this slight anterior motion. The dip began an average of 95 msec after the P wave and the nadir of its trough occurred 46 msec after the Q wave. With increasing heart rates and shortening of diastole the plateau period became progressively shorter; at rates of 120 or greater the plateau disappeared. The presystolic dip was less well delineated during tachycardia because of the absence of the diastolic plateau. There was no difficulty in obtaining satisfactory recordings of the aortic root during the resting state in any of the participants.
Valsalva Maneuver Figure 5 shows samples of the aortic root during rest, the strain phase, and the release phase of the Valsalva maneuver. During the strain phase (figs. 2, SB) there was a consistent decrease in amplitude of both the anterior and posterior walls in all subjects. The mean amplitude of the anterior wall decreased from 11.2 mm at rest to 8.2 mm, and the posterior wall from 9.5 mm at rest to 7.3 mm during the strain phase (table 1). Both of these changes were statistically significant (P < 0.001). There was some difficulty in recording anterior aortic root motion during the Valsalva maneuver in four subjects. The posterior wall, however, was satisfactorily recorded in all but one subject. Typical phasic blood pressure shifts could not be documented by the cuff method during the brief strain phase. Figure 7 shows a recording of the aortic root during isometric exercise. While the heart rate and systemic blood pressure increased (table 1) , there was essentially no change in the amplitude of the aortic root motion. The duration of anterior motion of both walls shortened, but not as much as it did during the Valsalva maneuver or amyl nitrite inhalation ( fig. 3) . Satisfactory recordings were made in all subjects. However, in one subject only the posterior wall was adequate for measurement.
Amyl Nitrite Maneuver Figure 8 shows a representative aortic root recording during amyl nitrite inhalation. With this intervention there was a significant increase in heart rate when blood pressure fell. There was also an increase in the amplitude of both the anterior (mean 13.5 mm) and posterior (mean 11.9 mm) wall motion (P < 0.01). All subjects showed this heart rate and amplitude increase along with the fall in blood pressure. The duration of anterior systolic motion shortened to values comparable to those seen during the strain phase of the Valsalva maneuver ( fig. 3) .
B) Patients with Heart Disease
Twenty-four patients, all men, were studied. Their age range was 24 to 62 (mean 49.7). Twelve patients had coronary artery disease, five were normal, three had severe aortic stenosis, two had cardiomyopathy, one had coarctation of figure 9 .
Discussion
This study establishes the pattern and range of movement of the aortic root in healthy adults. This consists of a distinct anterior systolic excursion which was readily measured in terms of both its amplitude and its duration at rest and during certain physiologic and pharmacologic interventions. While perhaps less apparent, there is also characteristic diastolic motion.
During systole, the anterior and posterior aortic walls
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move in a generally parallel fashion; however, the anterior wall consistently has a greater amplitude. A tenable explanation for this difference is that the aortic root expands circumferentially as it is thrust forward in systole. The result is greater anterior movement of the anterior wall since circumferential expansion adds to the net forward motion of the anterior aortic wall while it reduces somewhat the anterior travel of the posterior wall. In diastole at rest there is a triphasic motion composed of (a) an initial posterior movement after the aortic valve closes, followed by (b) a plateau period and finally (c) a presystolic dip. This dip was present in all of our subjects, in twenty of whom it showed a bifid contour. It has been noticeably absent in patients we have examined in atrial fibrillation (unpublished observations). This observation coupled with its relationship to the electrocardiographic P wave leads us to believe that the presystolic posterior motion is produced by atrial systole. The aortic root is thus tugged posteriorly as the atria contract. The explanation of the bifid contour of the dip is not explained by these studies; it may represent the beginning of isovolumic contraction '3 Isometric exercise increases the double product, but has little or no effect on stroke volume.'6 17 When our subjects performed isometric handgrip exercise, the amplitude of the aortic root was essentially unaffected while, at the same time, there was a considerable increase in both heart rate and blood pressure.
There is some debate as to how much stroke volume is increased by amyl nitrite. Investigators who have studied human subjects during amyl nitrite inhalation have shown a C. 90 sec.
i~~~~~~~~-._ y modest (on the order of 10%) increase of stroke volume.18' 19 These studies used techniques for measuring stroke volume that assume a steady state, which is difficult to achieve during acute nitrite administration. Canine studies, in which beat-to-beat changes were followed with intra-aortic flow meters, showed an increase in stroke volume between 5 and 80 seconds after nitrite administration with a maximal increase of 23% at 30 seconds.20 With amyl nitrite inhalation, our subjects all showed an increase in the amplitude of the aortic root motion, while blood pressure fell simultaneously and heart rate increased.
Since systolic amplitude measurements were made at virtually identical points in time ( fig. 1) , the divergence and convergence of the anterior and posterior walls at peak systole with each of the maneuvers reflects changes in aortic diameter. Thus systolic diameter was smallest during the Valsalva strain phase and largest after Valsalva release and with amyl nitrite (fig. 2) . However, it was early recognized that diameter variations were not as extensive as changes in absolute motion ( fig. 2 ), hence these measurements were not pursued in detail.
The above maneuvers also influenced the duration of The diagnosis of a bicuspid aortic valve was made using the eccentricity index of the aortic valve cusps in diastole. Our laboratory has 1 reviously reported5 the computation of this index as follows: one-half the width of the aortic lumen at the beginning of diastole (L/2) is divided by the minimum distance between the diastolic cusp position and the closest aortic margin (d) ( fig. 1 ). An eccentricity index of 1.5 or more was considered diagnostic of a bicuspid aortic valve. Multilayered echoes in the aortic root, a feature commonly present with bicuspid aortic valves, were also noted. Multilayering is probably due to valve thickening or redundant folds on the valve cusps in the absence of valvular calcification. 5 Aortic insufficiency was diagnosed echocardiographically by the presence of typical fine fluttering motion of the mitral valve leaflets in diastole. 6 The presence of abnormal systolic anterior movements (SAMs) of the anterior mitral valve leaflet and asymmetric septal hypertrophy (ASH) of the type seen in idiopathic
